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Introduction
Mutations of the human reelin gene, RELN, cause lissencephaly and serious intellectual impairment (Hong et al. 2000) . Reelin protein is expressed by Cajal-Retzius cells near the pial surface of the developing cerebral cortex and required for radial cortical neuron migration. Despite its obvious, essential role and the severe phenotype when mutated, our understanding of how reelin signaling directs migrating neurons is incomplete. A number of theories of reelin function in neuronal migration have been put forward including a role as a chemo-attractant or chemo-repellent or stop signal (reviewed in (Gilmore and Herrup 2000) ). However, these have not been confirmed by subsequent experimentation (discussed in (Cooper 2008) ).
The cerebral cortex is composed of 6 layers in mammals and develops through a complex process of radial and tangential migration (reviewed in (Bayer and Altman 1991; Rakic and Caviness 1995; Gupta et al. 2002; Ayala et al. 2007; Cooper 2008) ). Initially, cells from the cortical hem and the cortical ventricular zone migrate to the pial surface to form the cortical preplate (Takiguchi-Hayashi et al. 2004; Bielle et al. 2005) . Subsequently, excitatory neurons of layers II-VI migrate radially from the ventricular and subventricular proliferation zones via the intermediate zone toward the pial surface. Layers II-VI develop in an inside-out manner such that the deep layer VI is generated first and later-born neurons migrate past deep layer neurons forming sequentially more superficial layers. Cortical excitatory neurons migrate by 2 mechanisms. Future layer VI neurons are the first to commence radial migration. They extend a leading process toward the pial surface and then reel the cell body into a superficial position in the center of the preplate, thus splitting the preplate into the superficial marginal zone (layer I) and the transient subplate. This form of migration is designated somal translocation. Subsequent cohorts of cells migrate along a scaffold of radial glial fibers, which extend from the ventricular zone to the pial surface. This form of migration, locomotion, is interrupted by periods when migrating neurons detach from the radial glia and assume a multipolar state (LoTurco and Bai 2006) .
Normal cortical development depends critically on the reelin signaling pathway (Rice and Curran 2001; Tissir and Goffinet 2003; Honda et al. 2011) . In reeler mutant mice, preplate splitting does not occur and cortical layers II-VI are roughly inverted, indicating that both somal translocation and locomotion are affected by loss of reelin. This characteristic phenotype is also exhibited when other members of the reelin signal transduction pathway are mutated, including both reelin receptors, VLDLR and APOER2, or the 2 SRC family kinases, SRC and FYN, the intracellular adaptor proteins, DAB1, or CRK and CRKL Sheldon et al. 1997; Ware et al. 1997; Rice et al. 1998; Trommsdorff et al. 1999; Kuo et al. 2005; Park and Curran 2008) . In response to reelin stimulation, DAB1 recruits CRK and CRKL, which in turn recruit the RAP1 GTP exchange factor, C3G (Ballif et al. 2004 ). Accordingly, mice lacking C3G display a failure of preplate splitting (Voss et al. 2008) .
DAB1 is phosphorylated in response to reelin signaling and then degraded, such that DAB1 levels are elevated, but not phosphorylated in reeler mice (Rice et al. 1998; Howell et al. 1999; Arnaud et al. 2003) . Similar cortical neuron migration defects in reeler and Dab1 null mice indicate that the precise regulation of the level and phosphorylation of DAB1 is integral to correct cortical neuron positioning.
An open question is if termination of reelin signaling is just as important for normal cortical neuron migration as activation of reelin signaling. Thus far, no layer inversion phenotype has been observed in situations of overactivation of reelin signaling.
The suppressors of cytokine signaling (SOCS) are a family of proteins, many of which are first induced by and then inhibit cytokine or growth factor signaling, thus establishing classical negative feedback loops (Endo et al. 1997; Naka et al. 1997; Starr et al. 1997; Alexander 2002; Kile et al. 2002; Linossi et al. 2013) . The 8 SOCS family members share 2 functional protein domains, a carboxy-terminal SOCS box, which recruits the components of an E3 ubiquitin ligase complex, and a SRC homology 2 domain (SH2), which serves as a phosphotyrosine substrate binding domain. SOCS proteins inhibit signaling pathways by a variety of mechanisms, but importantly, SOCS proteins can serve as adaptor molecules linking signaling molecules to E3 ubiquitin ligases and thereby promoting the degradation of the signaling molecules. However, the mechanisms of action of SOCS4 to SOCS7 remain unclear. SOCS1 and SOCS2 have been investigated as mediators of a negative feedback mechanism for reelin signaling (Feng et al. 2007 ). However, unlike mutation of many other components of the reelin signaling pathway, mutations of the Socs1 or Socs2 gene have not been reported to cause cortical layering defects. The Socs7 gene is most highly expressed in the brain and mutation of Socs7 causes hydrocephaly, albeit without recapitulating the inversion of cortical layering observed in reeler mutants (Krebs et al. 2004; Simo and Cooper 2013) . Among the SOCS family, SOCS6 is most closely related to SOCS7 and also expressed in the brain. Therefore, functional redundancy between SOCS6 and SOCS7 may occur during cortex development.
We report here that the combined deletion of the Socs6 and Socs7 genes in mice caused a severe cortical layering defect recapitulating many aspects of the reeler mutant phenotype. We show that DAB1 accumulates in the absence of SOCS7 alone and much more so in the absence of both SOCS6 and SOCS7. Through protein immunoprecipitation/immunoblotting of endogenous proteins, protein-protein affinity purification, binding site mutation, and isothermal titration calorimetry (ITC), we show that SOCS6 and SOCS7, through their SH2 domain motifs, bind DAB1 via a novel target tyrosine, DAB1 Y300 . Our data suggest that both SOCS6 and SOCS7 are required for cortical development to promote DAB1 ubiquitination and targeting for proteasomal degradation. (Krebs et al. 2002) and Socs7 −/− (Krebs et al. 2004) were genotyped as described. The phenotypic analysis was conducted on a C57BL/ 6 background and the biochemical analysis on a mixed background (C57BL/6, FVB, BALB/c) to make use of the higher yield of fetuses per litter. For timed matings, noon of the day of vaginal plug detection was defined as embryonic day 0.5 (E0.5). BrdU experiments and histology were carried out as previously described (Thomas et al. 2000; Voss et al. 2006 Voss et al. , 2008 . For each experiment, 3-6 wild-type, single-mutant, and double-mutant animals representing biological replicates were used with the exception of the assessment of tyrosine phosphorylation of DAB1 ( Fig. 4C ) and DAB1 ubiquitination (Fig. 5) , where up to 12 animals per genotype were used in pools of up to 3 animals. Immunostaining and TUNEL on sections were conducted as reported previously (Thomas et al. 2000; Voss et al. 2006 Voss et al. , 2008 . In situ hybridization, RNA isolation, and reverse transcriptase reaction followed by quantitative PCR (RT-qPCR) were performed as described (Thomas et al. 2000; Voss et al. 2012 ).
Materials and Methods
Neuronal Migration Assays, E16.5 Cortical Neuron Cultures, and Reelin Stimulation
Cortical neurons were isolated, cultured, and stimulated with reelin as described (Herrick and Cooper 2002; Voss et al. 2008 ).
Immunoblotting, Immunoprecipitation, Expression of SOCS SH2 Domains, Affinity Purification, Expression of Mutant DAB1, and Ubiquitination Assessment immunoprecipitation, and immunoblotting were performed as previously described (Voss et al. 2006 (Voss et al. , 2008 . Each lane in the immunoblots represents one animal or a pool of animals, that is, an independent biological replicate. Densitometry quantitation of immunoblots was conducted on 3-6 samples of individual animals or pools of animals with background subtraction and relative to tubulin or actin loading controls. Expression of wild-type and mutant DAB1, wild-type and mutant SOCS proteins, and SOCS SH2 domains and affinity purification was conducted as described previously (Krebs et al. 2002) . Ubiquitinated proteins were affinity-isolated from cell lysates using ubiquitin binding-associated protein domain reagents (Agarose-TUBE1; LifeSensors).
Isothermal Titration Calorimetry
All ITC experiments were performed with a Microcal omega VP-ITC (MicroCal, Inc., Northampton, MA, USA) at 298 K. Recombinant amino-terminal hexahistidine-tagged-SOCS6 
Statistical Analysis
Three to six wild-type, single-mutant, and double-mutant animals were used in each experiment and, where samples from animals were pooled, up to 12 animals per genotype, up to 3 per pool. Data are displayed as mean ± standard error of the mean (SEM) and were analyzed using Stata I/C 10.0 software performing two-sided t-test (BrdU experiments) or one-way analysis of variance with genotype as the independent factor followed by Bonferroni multiple comparison test (immunoblotting densitometry). Data in Supplementary Figure 3A 
Results
The SOCS protein most closely related to SOCS7 is SOCS6 (Fig. 1A ) and the Socs6 and Socs7 genes are co-expressed in the cortex during development and in the adult (Krebs et al. 2004 and Supplementary Fig. 1 Fig. 1 ). Thus, cortical layer formation was examined. In the wild-type cortex, the superficial layers II/III and layer IV stain positive for the transcription factor SATB2, layer V cells are marked by the transcription factor CTIP2 and the transcription factor TBR1 marks cells in layers V and VI ( Fig BrdU labeling of neurons before they leave the cell cycle allows assessment of their migration to specific cortical regions. In wild-type mice, early-born neurons (BrdU E12.5) form the deep layers ( Fig. 2B ), whereas late-born neurons (BrdU E15.5) migrate past these to form superficial layers (Fig. 2C ). In contrast, Socs6
−/− mutant early-born neurons migrated to a superficial location and late-born neurons remained in a deep location (Fig. 2B,C) . These results show that Socs6 −/− ;Socs7 −/− mutant cortical neurons did not migrate into their normal position and confirm the cortical layer inversion. We did not observe alterations in cell proliferation in the developing Socs6 −/− ;Socs7 −/− cortex as examined by a 1-h pulse of BrdU incorporation or apoptosis as assessed by terminal end labeling of DNA fragments ( Supplementary Fig. 2 ). Furthermore, the total number of BrdU-positive cells in the birth-dating experiments did not differ between genotypes (Fig. 2D ). Altogether, these results indicate that cell proliferation and cell survival were not affected by lack of SOCS6 and SOCS7 and that the observed differences in neuron positioning were not due to differential cell death. Our data showed that SOCS6 and SOCS7 were absolutely required for preplate splitting and inside-out cortical layer formation. The observed inversion of deep and superficial cortical layers was reminiscent of defects observed in mice lacking reelin or components of the reelin signaling pathway. We therefore examined this pathway.
SOCS6 and SOCS7 Are Required for Disabled 1 Protein-Level Homeostasis
Upon reelin binding to its receptors, VLDLR and APOER2, the 2 SRC family kinases SRC and FYN phosphorylate DAB1 (Fig. 3A) . Phosphorylation of DAB1 in response to reelin signaling recruits a number of signaling molecules including CRK, CRKL, C3G, and RAP1 (Fig. 3A) . To explore how the lack of SOCS6 and SOCS7 might affect the reelin signal transduction pathway, we determined protein levels of the pathway components in the developing cortex by immunoblotting. We observed a ∼3-fold increase in DAB1 levels in the absence of SOCS7 alone when compared with wild type and a striking ∼20-fold increase in DAB1 in Socs6
double mutants when compared with wild type (Fig. 3B , Supplementary Fig. 3 ). The observed increase in DAB1 by far exceeded the elevation in DAB1 observed in reeler mutant mice (Supplementary Fig. 3) . Levels of reelin, SRC, FYN, CRKL, and C3G were not significantly affected by the loss of SOCS6 and SOCS7 (Fig. 3C, Supplementary Fig. 3) .
Furthermore, several cell extrinsic parameters required for cortical neuron migration appeared normal in the Socs6 −/− ; Socs7 −/− mice. Reelin protein was expressed in the correct location ( Fig. 3D ) and radial glial fibers were present and anchored in the basement membrane, although radial glial fibers displayed an oblique orientation ( Supplementary Fig. 3 ), as reported in reeler mice.
DAB1 Is Phosphorylated in the Absence of SOCS6 and SOCS7
To examine the effects of SOCS6 and SOCS7 in the context of reelin signaling, we stimulated E16.5 cortical neuron cultures with reelin-containing or control medium (mock). Socs6 and Socs7 mRNA levels were not significantly changed by reelin stimulation ( Supplementary Fig. 4 ). Reelin stimulation for 4 h significantly reduced total DAB1 protein levels in wild type, but not in Socs6 −/− ;Socs7 −/− cortical neurons (Fig. 4A,B) . In contrast, SRC levels were not affected (Fig. 4A,B) . We examined levels of tyrosine-phosphorylated DAB1 by anti-DAB1 immunoprecipitation followed by antiphosphotyrosine immunoblotting. In wild-type and Socs7
−/− single-mutant cortical neurons, reelin stimulation for 15 min induced a ∼2.5-fold increase in tyrosine-phosphorylated DAB1 (Fig 4C,D) . Interestingly, Socs6 −/− single mutant and Socs6 −/− ;Socs7
double-mutant cortical neurons did not exhibit an increase in tyrosine-phosphorylated DAB1 in response to reelin. However, the overall fraction of tyrosine-phosphorylated DAB1 appeared much higher in the Socs6 −/− ;Socs7 −/− double mutants than in any of the other genotypes. These results indicated that SOCS6 and SOCS7 are required to limit the levels of tyrosine-phosphorylated DAB1.
The Proportion of High Molecular Mass Ubiquitinated Forms of DAB1 Is Reduced in the Absence of SOCS6 and SOCS7
SOCS proteins regulate protein levels by serving as adaptor proteins linking the substrate to E3 ubiquitin ligases, which then ubiquitinate the substrate, leading to proteasome-mediated degradation. Assessment of DAB1 ubiquitination is commonly reported based on epitope-tagged overexpressed proteins and overexpressed ubiquitin (e.g., Park et al. 2003; Bock et al. 2004; Simo and Cooper 2013) . Apparently, only one report displayed ubiquitination of endogenous DAB1 and showed that ubiquitinated DAB1 was not easily detectable (Arnaud et al. 2003) . Arnaud et al. (2003) also assessed high molecular mass forms of DAB1 as a representation of ubiquitinated DAB1. We stimulated E16.5 cortical neurons with reelin-containing or control medium for 1 h in the presence of the proteasome inhibitor MG132. Anti-DAB1 immmunoprecipitation and immunoblotting revealed the expected ∼75 kDa DAB1 band and, in addition, higher molecular mass banding consistent with the presence of mono-and polyubiquitinated forms of DAB1 (Fig. 5A,B) . The higher molecular mass forms of DAB1 were assessed relative to the ∼75 kDa DAB1 form in order to attain an indication of the proportion of DAB1 that might be ubiquitinated. The proportion, rather than absolute levels, is relevant when the task of degrading ∼20-fold higher amounts of DAB1 protein is considered. Quantitation showed a ∼4-fold reduction in the proportion of the high molecular mass forms of DAB1 in the Socs6 −/− ;Socs7
double-mutant cells when compared with wild-type, to Socs6
−/− single-, and to Socs7 −/− single-mutant cells (Fig. 5C ).
In addition, we used affinity isolation of ubiquitinated proteins followed by anti-DAB1 immunoblotting to assess ubiquitinated DAB1 directly. In agreement with Arnaud et al. (2003), we found the signal for endogenous ubiquitinated DAB1 to be weak (Fig. 5D) . Nevertheless, we observed that the proportion of ubiquitinated DAB1 in response to reelin was ∼4-fold lower in Socs6
−/− double-mutant cortical neurons when compared with wild type, indicating that DAB1 ubiquitination was reduced in the absence of SOCS6 and SOCS7. A residual level of ∼25% ubiquitinated DAB1 in the absence of SOCS6 and SOCS7 suggested that other E3 ubiquitin ligase adaptor proteins may also be involved in DAB1 degradation. Combined with the aforementioned results, these data suggest that SOCS6 and SOCS7 (and to a lesser degree other E3 ubiquitin ligase adaptors) restrict DAB1 protein levels by committing DAB1 to ubiquitination and degradation.
SOCS6 and SOCS7 Bind DAB1 Through Their SH2 Domain
The data above suggested that SOCS6 and SOCS7 bind DAB1 to mediate its ubiquitination and degradation. SOCS proteins typically bind their substrate via their SH2 domain. To examine such interactions, we expressed and purified the SH2 domains of SOCS6 and SOCS7 ( Supplementary Fig. 5 ) and incubated lysates of E15.5 cortices with the SH2 domains immobilized on magnetic beads. Bound proteins were eluted and examined by western blotting. The SH2 domains of SOCS6 and SOCS7 bound DAB1 (Fig. 6A) . Other proteins were less prominently bound, including C3G and FYN ( Supplementary Fig. 5 ). Variable association of CRKL with the SH2 domains suggested an indirect interaction. No interaction was seen with SRC (data not shown).
To examine the effect of reelin signaling on DAB1 binding to the SOCS SH2 domains, the affinity purification experiments were conducted using E16.5 cortical neurons either stimulated for 15 min with reelin or mock stimulated. The SH2 domains of SOCS6 and SOCS7 bound DAB1 with and without reelin stimulation (Fig. 6B) . Two forms of DAB1 with distinct electrophoretic mobility close to ∼75 kDa were bound by the SH2 domains (Fig. 6A,B) , which were also observed in total lysate of cultured cortical neurons (Fig. 6B ) and may reflect different posttranslational modifications. Indeed, a slower migrating form of DAB1 has been shown to be serine or threonine phosphorylated (Arnaud et al. 2003 ). Overall, the affinity purification experiments suggested that SOCS6 and SOCS7 bind DAB1 directly via their SH2 domains.
SOCS6 and SOCS7 Bind DAB1 Y300
The preferred phosphotyrosine context for SOCS6 and SOCS7 interaction has been shown to have a valine in the phosphotyrosine +1 position and a hydrophobic residue at +3 with some preference for another hydrophobic residue in position +2 (YVΦΦ; (Krebs et al. 2002) ). None of the previously reported phosphorylated tyrosines in DAB1 at positions 185, 198/200, 220, and 232 (Howell et al. 2000) are within this optimal sequence context, although Y200 matches a lesser preference for SOCS6 SH2 domain binding in the +1 position, which is an isoleucine, followed by 2 hydrophobic residues (YIΦΦ; (Krebs et al. 2002) ). Notably, we identified residue DAB1 Y300 as a potential target site, which is embedded in a typical SOCS6 and SOCS7 target sequence context, ( Fig. 6C ; residue number 300 based on the 555 aa form of DAB1, the major form of DAB1 in the brain (Jossin et al. 2003) ). This peptide showed the greatest sequence similarity to the previously reported SOCS6 SH2 domain binding site in c-KIT pY568 (Zadjali et al. 2011 ) and the consensus binding site (Krebs et al. 2002) , but was distinct from the SOCS3 SH2 domain binding site gp130 Y757 . DAB1 is very highly conserved between mammalian species (>95% sequence identity between human, cattle, and mice), which have the six-layered cortex in common. The entire sequence around DAB1 Y300 is conserved in these species and partially conserved in frog and fish (Fig. 6C ). DAB1 Y300 is predicted to be in a loosely structured context (random coil-beta-turn-extended strand) and predicted to be accessible to binding partners. Y300 is present in the form of DAB1 that is normally detected in wild-type brain (555 aa, ∼75-80 kDa; (Arnaud et al. 2003) ). Splice forms of DAB1 that may not contain Y300 have been documented at the mRNA levels, but are not obvious in the brain at the protein level. Using ITC, we found that the SOCS6 SH2 domain bound a synthetic phosphopeptide encompassing the Y300 region of DAB1 with a dissociation constant of 1.3 µM (Fig. 6C,D , Supplementary  Fig. 5 ). This level of affinity is comparable to that previously reported for the c-KIT binding site of 0.3 µM (Zadjali et al. 2011) and shows marked specificity for the phosphorylated tyrosines in a specific sequence context. SOCS3 did not bind the same phosphopeptide and, reciprocally, SOCS6 did not bind the known SOCS3 SH2 domain binding site in the gp130 receptor ( pY757; Fig. 6D , Supplementary Fig. 5 ), suggesting that SOCS6 may associate specifically with this site in DAB1.
DAB Y300F Mutation Protects DAB1 from SOCS6 and SOCS7 Binding and Degradation
We expressed FLAG-tagged wild-type DAB1 and DAB1 with a phenylalanine residue replacing the tyrosine at position 300 (DAB1 Y300F ) in HEK293T cells and examined their interaction with the immobilized SOCS SH2 domains. Anti-FLAG immunoblotting revealed that the Y300F substitution reduced binding of DAB1 to SOCS6 SH2 ∼16-fold and to SOCS7 SH2 ∼8-fold (Fig. 7A) . A 16-and 8-fold reduction left ∼6% and 12% of residual Figure 6 . The SOCS6 and SOCS7 SH2 domains bind DAB1 Y300 . (A) Affinity purification of proteins from the E15.5 cortex binding to the SH2 domains of SOCS6 and SOCS7
followed by anti-DAB1 immunoblot. Size exclusion chromatography was used to confirm that the purified SH2 domains were monomeric ( Supplementary Fig. 5 ).
(B) Affinity purification of proteins binding to the SH2 domains of SOCS6 and SOCS7 from E16.5 cortical neurons mock or reelin stimulated for 15 min followed by anti- binding of DAB1 to SOCS6 and SOCS7. This residual binding suggests the presence of another phosphotyrosine target for SOCS6 and SOCS7 SH2 domain binding, possibly the previously described pY200 of DAB1, which is embedded in a sequence context comprising a lesser preference for SOCS6 SH2 domain binding. Finally, we overexpressed either DAB1 alone in HEK293T cells or DAB1 and SOCS6. Co-expression of SOCS6 led to a ∼2.5-fold DAB1 levels in the absence of SOCS6 and SOCS7, we propose that SOCS6 and SOCS7 mediate degradation of DAB1 that is phosphorylated at several tyrosines in response to reelin signaling. We propose that SOCS6 and SOCS7 bind DAB1 predominantly via the DAB1 Y300 residue. Termination of reelin signaling through degradation of phosphorylated DAB1 by SOCS6 and SOCS7 allows a new cycle of reelin signaling to occur. 5xpY refers to the reported phosphorylated tyrosines in DAB1 at residues 185, 198/200, 220, and 232 (Howell et al. 2000) .
reduction in overexpressed DAB1 protein (Fig. 7B,C) . In contrast, the DAB1 Y300F mutant protein was relatively protected from the effects of overexpressing SOCS6 and co-expression of SOCS6 lacking the SOCS box, that is, the E3 ubiquitin ligase interaction domain, did not significantly reduce DAB1 levels (Fig. 7B,C) . Taken together, our results are consistent with a proposed process, by which SOCS6 and SOCS7 bind DAB1 specifically through a newly identified interaction of the SH2 domains with DAB1 Y300 and link DAB1 via their SOCS box to an E3 ubiquitin ligase, thus submitting DAB1 to proteasomal degradation. In addition, the already described DAB1 phosphotyrosine 200 (Howell et al. 2000) might be a lesser target of SOCS6 and SOCS7 SH2 domain binding.
Discussion
In the current study, we establish the following: 1) The absence of SOCS6 and SOCS7 caused severe cortical development defects, which resembled the consequences of reelin deficiency in the forebrain (Fig. 7D) .
2) The anomalies included failure of cortical preplate splitting and cortical layer inversion, suggesting that SOCS6 and SOCS7 are required for the 2 forms of cortical neuron migration, that is, somal translocation and locomotion.
3) The reelin signaling pathway adapter molecule DAB1 was dramatically increased in Socs6
;Socs7 −/− double-mutant cortices, suggesting that SOCS6 and SOCS7 regulate DAB1 levels (Fig. 7E ). 4) The proportion of high molecular mass laddering and ubiquitination of endogenous DAB1 were reduced in the absence of SOCS6 and SOCS7, indicating their involvement in DAB1 ubiquitination. 5) Phosphorylated DAB1 was increased in Socs6
ble-mutant cortical neurons, suggesting that SOCS6 and SOCS7 regulate levels of phosphorylated DAB1. 6) The SOCS6 and SOCS7 SH2 domains, that is, the substrate binding domains, interacted with DAB1 in ex vivo material. 7) The SOCS6 SH2 domain bound a phosphopeptide encompassing DAB1 Y300 with high affinity. 8) Binding of the SOCS6 and SOCS7 SH2 domains was 16-and 8-fold reduced when DAB1 Y300 was mutated. 9) Co-expression of SOCS6 with wild-type DAB1 led to a 2.5-fold reduction in DAB1, but DAB1 Y300F mutation protected DAB1 from the effects of SOCS6.
We suggest that the presence of one of SOCS6 or SOCS7 is essential to restrict levels of DAB1 that is tyrosine phosphorylated in response to reelin stimulation.
The reeler mutant cortex is characterized by the failure of preplate splitting, the inversion of cortical layers II-VI and the invasion of the marginal zone by cortical plate neurons. Despite their incorrect final position, the timing of reeler cortical neuron differentiation is roughly normal (Caviness and Sidman 1973 While human mutations and mouse models clearly show that reelin is essential for cortical neuron migration, the exact purpose of reelin signaling with respect to cell behavior remains unclear (Gaiano 2008) . Reelin is expressed in Cajal-Retzius cells, which are located in the marginal zone, superficial to the destination of cortical neuron migration. Following earlier suggestions that reelin might attract migrating neurons or repel deep layer neurons or serve as a stop signal (reviewed in (Gilmore and Herrup 2000) ), which were not fully supported by subsequent reports, 2 models of reelin function have been put forward (discussed in (Cooper 2008) ). They have the observation in common that reelin induces detachment from the radial glia fiber, but differ in subsequent steps. The "detach and stop" model suggests that reelin induces detachment of the cortical neurons and stops their migration in their destination location. In contrast, the "detach and move" model proposes that, apart from inducing detachment, reelin stimulates somal translocation, both in layer VI neurons, which only move by this mode, and in all other radially migrating neurons, which perform the last part of their journey by somal translocation (Nadarajah et al. 2001 ). As we observed impaired radial movement in Socs6 −/− ;Socs7 −/− doublemutant cells, our data support the notion that reelin signaling might provide a "detach and move" signal. However, although similar in effect to loss of reelin or loss of DAB1, Socs6 −/− ; Socs7 −/− deficiency does not simply correspond to a loss of reelin signaling.
Reelin signaling induces DAB1 phosphorylation in the first instance. A second, delayed effect is DAB1 degradation. The reelin and DAB1 deficient cortical neuron migration defects resemble each other morphologically. In both cases, there is a loss of phosphorylated DAB1 despite the accumulation of unphosphorylated DAB1 in reeler mice (Howell et al. , 1999 Rice et al. 1998 ). In the absence of SOCS6 and SOCS7, DAB1 accumulates, including its phosphorylated form. Thus, the absence of SOCS6 and SOCS7 is likely to represent a constitutive overactivation of reelin signaling. In addition, the absence of SOCS6 and SOCS7 may affect other proteins not examined here and the abnormally high DAB1 levels may also represent a gain of function of DAB1, which requires investigation in the future.
We showed here that SOCS6 and SOCS7, via their SH2 domains, bind the highly conserved DAB1 Y300 . DAB1 Y300 is present in the form of DAB1 normally detected in the brain, that is, ∼75-80 kDa DAB1 protein (Arnaud et al. 2003; Jossin et al. 2003) . Supporting the requirement for Y300 in DAB1 homeostasis, a carboxy-terminally deleted form of DAB1 (45 kDa; residue 1-241), that is not normally detected in wild-type brain, is expressed at ∼3-fold higher levels than full-length DAB1 (Herrick and Cooper 2002) . We suggest that DAB1 Y300 (and possibly Y200 in addition)
is the binding site, through which SOCS6 and SOCS7 directly interact with DAB1, leading to its subsequent ubiquitination and degradation by the cullin-elongin B/C E3 ubiquitin ligase complex. We have previously shown that SOCS6 and SOCS7 interact tightly with cullin 5 with a dissociation constant of ∼10 −8 M and a prolonged half-life of ∼100-200 s, when compared with weaker interactions of SOCS1 and SOCS3 with cullin 5 (Babon et al. 2009 ). Thus, we propose that SOCS6-and SOCS7-mediated DAB1 degradation involves cullin 5. Indeed, the role of cullin 5 in cortical neuron migration and DAB1 degradation has been established (Feng et al. 2007; Simo et al. 2010; Simo and Cooper 2013) . However, reports of mutation or shRNA knock down of components of the DAB1 ubiquitination machinery, such as cullin 5, resulted in overmigration of cortical neurons causing a mixing, but not an inversion of the cortical layers (Feng et al. 2007; Simo et al. 2010 ;Socs7 −/− double-deficient neurons to migrate past previously formed cortical layers, a failure of preplate splitting, and an inversion of the layers. This discrepancy in results may be explained by the degree of accumulation of DAB1 in the different mutants. Cul5, Rbx2, and Socs7 single mutants ( (Feng et al. 2007; Simo et al. 2010; Simo and Cooper 2013 ) and our results) accumulated DAB1 levels to 3-8-fold of normal levels. In contrast, Socs6
−/− ;Socs7 −/− double mutants had ∼20-fold higher than normal DAB1 levels. Therefore, the effects of deleting Cul5, Rbx2, and Socs7 individually may represent a hypomorphic situation with respect to DAB1 degradation and consequently may be different from the effects of the very high levels of DAB1 reached in the Socs6 −/− ;Socs7 −/− double mutants.
It has been suggested that SOCS7 is the ultimate stop signal for cortical neuron migration by degrading DAB1 (Simo and Cooper 2013) . In contrast, we observed a much more general requirement for SOCS6 and SOCS7 in maintaining DAB1 homeostasis and impaired migration in the absence of SOCS7 alone, which was more pronounced when SOCS6 and SOCS7 both were lacking, suggesting that the mechanisms may be more complex than a simple stop signal.
Cell migration requires extension and attachment of part of the cell in the new location (leading process) and detaching of the part of the cell attached in the old location (soma, trailing process) with motion of the cell body toward the new location (cytoskeletal contraction, intermediate filament contraction). As many repetitions of this process are required, cell migration is fundamentally a cyclic process (Ridley et al. 2003; Petrie et al. 2009 ). The cyclic physical changes are effected by polarized signaling mechanisms. One might expect that alternating attaching and detaching of different parts of migrating cells might also require activation and termination of signal transduction. As reelin protein levels do not appear to fluctuate, oscillation of signaling would have to be imparted by another mechanism. A negative feedback mechanism targeting one or more signaling molecules could differentially affect reelin signaling in migrating neurons without the necessity for other components of the reelin signal transduction cascade to oscillate. Combined, the reports of loss of reelin signaling in reeler mice, Dab1 null mice and our data on Socs6 −/− ;Socs7 −/− double mutants suggest that keeping reelin signaling in the "OFF" position is just as detrimental as halting it in the "ON" position, supporting the notion that repeated cycles of reelin signaling may be required.
In conclusion, we propose the following three-part hypothesis: 1) SOCS6 and SOCS7 bind tyrosine-phosphorylated DAB1 and commit it to ubiquitination and proteasomal degradation. 2) Removal of phosphorylated DAB1 by SOCS6 and SOCS7 terminates reelin signaling and allows a new cycle of reelin signaling to commence. 3) Repeated cycles of reelin signaling "ON" and "OFF" drive the fundamentally cyclic process of cell migration in the cortex.
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